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ABSTRACT

We studied the distribution of messenger ribonucleic acids coding for vasopressin and
oxytocin in the human hypothalamus by means of hybridization histochemistry. Numerous
large and medium-sized neurons contain vasopressin messenger ribonucleic acid in the
paraventricular nucleus, supraoptic nucleus, and accessory magnocellular nucleus. Small,
lightly labeled vasopressin neurons also were detected in the suprachiasmatic nucleus. In
addition, a relatively sparse band of mostly ovoid, medium-sized vasopressin neurons mingle
with unlabeled neurons of the lateral hypothalamic area; these cells extend dorsoventrally from
the region ventral to the stria terminalis to the ventrolateral hypothalamus, sometimes
transgressing the boundaries of nearby nuclei. We did not detect vasopressin gene expression in
neurons of the bed nucleus of the stria terminalis proper, although some of the dorsal-most
labeled neurons of the lateral hypothalamus extend into the region of the caudal bed nucleus.
Some lateral hypothalamic neurons also encroach upon other extrahypothalamic structures,
such as the zona incerta. The nucleus basalis of Meynert complex was, with only rare
i exceptions, devoid of cells containing vasopressin messenger ribonucleic acid.
N Oxytocin messenger ribonucleic acid is found in the supraoptic nucleus, paraventricular
nucleus, accessory magnocellular nucleus and, less frequently, in neurons of the lateral
hypothalamus. In the hypothalamic magnocellular nuclei, oxytocin neurons are somewhat
smaller than vasopressin neurons. Vasopressin cells outnumber oxytocin cells in the supraoptic
nucleus, but their numbers are comparable in the paraventricular nucleus. As with vasopressin
neurons, lateral hypothalamic oxytocin cells loosely span several diencephalic nuclei and
encroach occasionally upon adjacent regions. These results confirm that the organization of
vasopressin and oxytocin neurons in the human hypothalamus is largely comparable to that in
nonhuman species and demonstrate the utility of hybridization histochemistry for elucidating
the chemoarchitecture of the human brain.  © 1993 Wiley-Liss, Inc.
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cin also have been implicated in the stress response (Antoni

Vasopressin and oxytocin are well-characterized nonapep-
et al.,, ’88; Samson and Mogg, ’90), sexual arousal and

tides present in magnocellular neurons of the hypothalamic

supraoptic nucleus (SON) and paraventricular nucleus
(PVN; for review see Young, '92). Both of these peptides are
synthesized in the hypothalamus as preprohormones and
are processed during axonal transport for storage in, and
release from, the neurohypophysis (Brownstein, '80). Vaso-
pressin promotes the reabsorption of water by the kidney
and plays an important role in cardiovascular regulation in
some species (Berecek and Swords, '90). Oxytocin is in-
volved in parturition and lactation. Vasopressin and oxyto-

© 1993 WILEY-LISS, INC.

ejaculation (Murphy et al., ’87), and cognitive processes
(Bohus et al., ’78; Ferrier et al., 80; Beckwith et al., ’82;
Kennett et al., ’82). Vasopressin neurons are affected in
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Fig 1.
mRNA-producing cell in the human paraventricular nucleus; silver
grains predominantly overlie the neuronal cytoplasm; toluidine blue
counterstain. b: Oxytocin mRNA-labeled neurons of the paraventricu-

a: Hybridization histochemical preparation of a vasopressin

aging and Alzheimer’s disease (Fliers et al., ’85; Swaab et
al., ’85; Saper and German, ’87; Vogels et al., ’90).

All vertebrates studied to date possess the equivalent of
vasopressin- and oxytocin-like hypothalamo-neurohypo-
physeal systems originating in cells concentrated in the
PVN and SON (Caffé et al., '89). Both peptides are found in
neurons outside the hypothalamic magnocellular system
(Fliers et al., '86; Ulfig et al., ’90). However, despite a large
body of data in a variety of species, only a few reports have
been devoted to the localization of vasopressin and oxytocin
in the human hypothalamus (Dierickx and Vandesande,
"77,°79; Stopa et al., ’84; Fliers et al., ’86; Rivkees et al., ’88;
Ulfig et al., ’90, Mengod et al., ’92).

Recently, synthetic oligonucleotide probes have been
used to detect messenger ribonucleic acids (mRNA) coding
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lar nucleus show different labeling intensities; arrows indicate heavily
labeled magnocellular neurons, small arrowhead indicates a moderately
labeled neuron, and large arrowhead indicates a lightly labeled neuron.
Scale bars = 10 pmin a, 50 uminb.

for specific peptides or proteins within the cytoplasm of
cells, providing us with a sensitive and reliable method for
visualizing neuropeptide-producing neurons in the brain
(Kawata et al., '88; Young, ’90). This in situ hybridization
histochemical technique has been shown to be applicable to
postmortem human tissue (Rance and Young, '91; Rivkees
et al,, '88; Walker et al., ’91; Mengod et al., ’92). However,
there is currently little information on the anatomical
distribution of mRNA for vasopressin or oxytocin in the
human brain. We employed hybridization histochemistry to
localize mRNA encoding vasopressin and oxytocin within
neurons of the human hypothalamus and adjacent struec-
tures. This study is the first in a series of reports on the
anatomical localization of transcripts for transmitter-
specific markers in the human hypothalamus. Because of

Abbreviations
A amygdala MT mammillothalamic tract
AC anterior commissure NBM nucleus basalis of Meynert
AMN accessory magnocellular nucleus 0ocC optic chiasm
BNST bed nucleus of the stria terminalis oT optic tract
dATP deoxyadenaosine triphosphate OXT oxytocin
DBB diagonal band of Broca P putamen
DBBHL diagonal band of Broca horizontal limb PHA posterior hypothalamic area
DMN dorsomedial nucleus POG parolfactory gyrus
F fornix POR preoptic recess
GPe globus pallidus pars externa PVN paraventricular nucleus
GPi globus pallidus pars interna S septum
1C internal capsule SCN suprachiasmatic nucleus
IN intermediate nucleus SON supraoptic nucleus
INF infundibular nucleus SONdl supraoptic nucleus, dorsolateral part
IS infundibular stalk SONvm supraoptic nucleus, ventromedial part
LH lateral hypothalamus ST stria terminalis
LT lateral tuberal nucleus ™ tuberomammillary nucleus
LV lateral ventricle VMN ventromedial nucleus
MB mammillary body VP vasopressin
MML medial medullary lamina Z1 zona incerta
MPOA medial preoptic area 3V third ventricle
mRNA messenger ribonucleic acid




Fig.2. Vasopressin (a,b) and oxytocin (¢,d) neurons in the SONdI. a:
Brightfield photomicrograph of vasopressin magnocellular neurons in
the SONdI. Medium-sized and large, robustly labeled cells occupy the
core of the nucleus. b: Darkfield photomicrograph of the vasopressin
~ neurons shown in a. e: Brightfield photomicrograph of oxytocin magno-

the wealth of information on hypothalamic structure and
physiology in experimental animals, the comparative analy-
sis of neuroactive substances will provide useful informa-
tion concerning the functional organization of the human
hypothalamus.

MATERIALS AND METHODS

Tissue blocks were taken at autopsy from five men, 16-70
years old, with a mean postmortem interval of 9 hours. All
subjects had died acutely, and complete autopsies did not
disclose disorders that would be expected to compromise
our analyses (Table 1). Autopsy specimens were collected in
accordance with the guidelines set forth in Federal Register
46, and with the institutional guidelines of the Johns
Hopkins University School of Medicine and the University
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cellular neurons in dorsolateral supraoptic nucleus. Arrow indicates
intensely labeled oxytocin neurons that cluster at the medial periphery
of nucleus. d: Darkfield photomicrograph of the oxytocin neurons
shown in ¢. Scale bar = 300 wm for a—d.

of Arizona College of Medicine. Each tissue sample con-
tained the entire hypothalamus and all or part of the
following structures: parolfactory/paraterminal cortex, sep-
tum, substantia innominata, dorsal amygdala, caudate
nucleus, putamen, globus pallidus, and thalamus. Blocks of
fresh tissue were placed on foil-coated glass slides, frozen at
~30°C in isopentane, and stored at —80°C.

Hybridization histochemistry

Sections (20 pm) were cut coronally or sagittally on a
cryostat-microtome at —20°C onto gelatin-coated slides.
Every twentieth section was processed for hybridization
histochemistry with a specific probe, as described previ-
ously (Young, ’89; Walker et al., '91). Briefly, sections were
brought to room temperature, postfixed in 4% formalde-
hyde in phosphate-buffered saline for 5 minutes, treated
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Fig. 3. Vasopressin mRNA-producing neurons in the SONvm. Cells
in this subdivision of the supraoptic nucleus are sparser than in the
dorsolateral part. Scale bar = 300 pm.

with 0.25% acetic anhydride for 10 minutes, and delipidated
in a graded series of ethanols and chloroform. After drying,
sections were incubated for 20 hours at 37°C in a buffer
consisting of 600 mM NaCl, 80 mM Tris-HCI (pH 7.5), 4
mM ethylenediaminetetraacetic acid, 0.1% sodium pyro-
phosphate, 0.2% sodium dodecyl sulfate, 50% dextran sul-
fate, 0.2 mg/ml heparin sulfate, 100 mM dithiothreitol, and
~108 dpm of [¥S]-labeled probe per 50 ul (see below).
Sections were then washed in a solution of 0.3 M NaCl-
30 mM sodium citrate buffer, and 50% formamide at 40°C.
After drying, sections were dipped in Kodak NTB-3 nuclear
emulsion and exposed at 4°C for 2 or 60 days for vasopressin
and 4 or 30 days for oxytocin. Sections were counterstained
with toluidine blue and coverslipped.

Oligonucleotide probes were directed toward bases 1024—
1068 and 2209-2256 of the human oxytocin and vasopres-
sin preprohormone sequences, respectively (Sausville et al.,
’85). The vasopressin probe used in our experiments shares
no similarity with oxytocin ¢cDNA, whereas the oxytocin

TABLE 1. Perimortem Histories of Human Subjects

Postmortem
Human Age Cause and time interval
case # Sex (years) of death (hours)
426 Male 61 Acute myocardial infarction;
10:40 p.m. 13
810 Male 16 Lacerated lung; 8:20 p.m. 12
814 Male 52 Asphyziation; 7:45 a.m. 4
871 Male 23 Gunshot wound; 3:00 a.m. 7
914 Male 70 Acute duodenal hemorrhage;
5:55 am. 95
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probe has only 62% sequence identity with vasopressin
c¢DNA. The calculated melting temperatures under the
hybridization conditions indicated above were 73°C and
75°C for the vasopressin and oxytocin probes, respectively.
Oligonucleotide probes were labeled on the 3’ end using
terminal deoxynucleotidyl transferase (Boerhinger-Mann-
heim, Indianapolis, Indiana) and [33S] deoxyadenosine tri-
phosphate (AATP) (> 1,000 Ci/mmol; New England Nuclear,
Boston, MA). The specificity of hybridization was deter-
mined by Northern blot analysis of total human hypotha-
lamic mRNA as previously described (Rance and Young,
’91). Probes were labeled using [32P] dATP (3,000 Ci/mmo],
New England Nuclear) and terminal deoxynucleotidyl trans-
ferase. We detected RNA species of about 900 and 700 base
pairs with the vasopressin and oxytocin probes, respec-
tively, similar to values reported previously for the human
(Mohr et al., ’85).

Analysis of tissue

Sections were mapped with a computer-assisted micro-
scopic mapping system (Walker et al., ’90) with the aid of a
20x objective (Zeiss Axiophot). Neuronal perikarya were
considered to contain vasopressin or oxytocin mRNA if the
density of superimposed silver grains exceeded three times
that of the surrounding neuropil. In some cases, labeling
was so intense that it obscured cellular detail (Fig. 1).
Lightly labeled neurons were mapped only if the grains
within neuronal somata exceeded three times background
and the nucleus of each cell was present (Fig. 1b). The
presence of the nucleus allowed us to distinguish between
actual lightly labeled neurons and peripherally sectioned,
heavily labeled neurons. Cell size (maximum length and
width) in the hypothalamus was determined with a cali-
brated eyepiece micrometer at a total magnification of
400x. All measurements were made in coronal sections,
except for suprachiasmatic neurons, which were measured
in sagittal sections. The identification of structures was
aided by several sources (Le Gros Clark, '36; Le Gros Clark
et al.,, ’38; Nauta and Haymaker, ’69; Braak and Braak, '87;
Gai et al., '90; Saper, '90).

RESULTS
Vasopressin

Most neurons containing vasopressin mRNA are located
in the principal magnocellular hypothalamic nuclei, i.e.,
SON and PVN (Figs. 4a—¢, 6a—c). A smaller population of
vasopressin neurons occupies the accessory magnocellular
nucleus (AMN), a group of cellular islands in the region
bridging the SON and PVN (Saper, '90). Generally, magno-
cellular neurons containing vasopressin transcripts tend to
locate more centrally in these nuclei than do oxytocin
neurons. OQutside the magnocellular nuclei, the suprachias-
matic nucleus (SCN) contains small, lightly labeled cells,
and vasopressin neurons are scattered throughout the
caudolateral hypothalamus; very rarely, positive neurons
are found within the boundaries of other nuclei. Each
population is discussed in detail below.

Vasopressin mRNA in the SON

The human SON consists of two main subpopulations of
neurons, that is, a relatively dense cluster of cells dorsal to
the optic chiasm (dorsolateral SON [SONdI)) (Figs. 2a,b,
4a—c, 6¢), and a more diffuse cluster ventromedial to the
chiasm (ventromedial SON {SONvm|) (Figs. 3, 4a-c, 6¢).
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Fig. 4. Computer-assisted diagrams of the distribution of vasopres-
sin (a—e) and oxytocin (d—f) cells in coronal sections of human
hypothalamus and surrounding structures (case 814). The most ante-
rior sections are a and d; the most posterior sections are ¢ and f. Each

OXT125

0ox1302

dot represents a single neuron. Numbers at the lower left correspond to
the relative location of the sections from anterior to. posterior. Each
section is 20 wm thick; hence, the distance between VP40 and VP274 is

~4.7 mm. Scale bar = 5 mm.
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Fig. 5. Darkfield photomicrographs of nearby sections with vasopressin (a) and oxytocin (b) mRNA-
containing neurons in the caudal part of the PVN. Note that the vasopressin neurons are more abundant in
the central part of the PVN, whereas neurons containing oxytocin transcripts tend to have a more

peripheral location. Scale bar = 200 um.

Proceeding caudally from the anterior SON, both groups
maintain their proximity to the optic tract. As the optic
tract merges with the basal forebrain, the dorsal cells
assume a more lateral position, and the ventral cells become
clustered near the medial aspect of the optic tract (Fig.
4a-c¢). Most neurons in both subpopulations are robustly
labeled for vasopressin mRNA. The dorsolateral group
contains more densely packed large and medium-sized cells,
with a preponderance of typical round or ovoid magnocellu-
lar somata, whereas the ventromedial group is character-
ized by somewhat sparser, morphologically more heteroge-
neous neurons. The mean size of vasopressin cells in SONdI
was 38 pm long x 28 pm wide (n = 41 cells); in SONvm, 34
pm long x 23 um wide (n = 54).

Vasopressin mRNA in the PVN

The PVN, adjoining the lateral wall of the third ventricle,
has a high concentration of neurons with vasopressin
transcripts (Fig. 5a). In sagittal sections, these cells can be
seen to form a continuous band running from a ventral
position in the rostral hypothalamus to a more dorsal
position in the caudal hypothalamus (Figs. 6a, 7a). The
large, rostroventral-most cells of the PVN (Fig. 4a) lie just
medial to the smaller neurons of the SCN. Proceeding
caudally, the PVN population shifts dorsally and increases
in size (Figs. 4b,c, 6b). Viewed in coronal sections, vasopres-
sin somata of the PVN are large (37 um X 28 pm; n = 72),
ovoid or round cells. These neurons are cytologically similar
to magnocellular vasopressin neurons in the SON and
AMN.

Vasopressin mRNA in the AMN

Cells of the AMN do not differ morphologically from the
typical vasopressin neurons of the SON and PVN (Fig. 8a).
Many of these neurons surround blood vessels that run
between the dorsomedial SON and the ventrolateral PVN.

Vasopressin mRNA in the SCN

SC_N neurons containing vasopressin mRNA were seen
only in two cases (810 and 914). Viewed in sagittal sections,
vasopressin neurons of the SCN had small (15 pm x 10 um;

n = 25), round or ovoid somata and were only weakly
labeled (Fig. 9). There was no apparent relationship be-
tween time of death (Table 1) and the presence or absence
of labeling in the SCN.

Vasopressin mRNA in the lateral
hypothalamus

Vasopressin neurons in the lateral hypothalamus lie
posteriorly, lateral to the column of the fornix (Fig. 4c). In
the dorsoventral axis, scattered vasopressin cells extend in
a narrow band from just beneath the bed nucleus of the
stria terminalis to the level of the tuberomammillary
nucleus and the area dorsal to the optic tract. Sparse
neurons occur further laterally in the hypothalamus, just
medial to the internal capsule and globus pallidus, and a
few appear to stray into the region of the zona incerta (Fig.
4c¢). Most of the labeled lateral hypothalamic neurons are as
intensely positive as vasopressin neurons of the PVN;
however, morphologically, cells in the lateral hypothalamus
are usually more oblong and somewhat smaller (37 pm X
20 pm; n = 41) (Fig. 10) than PVN vasopressin cells.

Extrahypothalamic vasopressin mRNA

As mentioned above, occasional vasopressin neurons of
the hypothalamus appear to infiltrate adjacent structures,
including the zona incerta and bed nucleus of the stria
terminalis (BNST). We also detected rare, lightly labeled
vasopressin cells in the nucleus of the diagonal band of
Broca and in the anterior nucleus basalis of Meynert
(NBM). In these latter two nuclei, vasopressin cells were
not seen in all cases, and exposure time of the emulsion in
some instances could have been too brief to detect lightly
labeled cells. Positively labeled vasopressin neurons were
evident only in sections that were exposed with emulsion
for two months (Fig. 11). Even in this case, the incidence of
labeled cells in the NBM and nucleus of the diagonal band
was extremely low.

Oxytocin

The distribution of neurons containing oxytocin mRNA
in the hypothalamus is somewhat more restricted than that
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Fig. 6. Computer-assisted diagrams of the distribution of vasopres-
sin (a—c; case 814) and oxytocin (d—f; case 871) producing neurons in
sagittal sections of the human hypothalamus. The most medial sections

of vasopressin neurons. There are also some subtle differ-
ences in the distribution, density, and size of oxytocin and
vasopressin neurons within the hypothalamic magnocellu-
lar complex. Oxytocin neurons are located in the SON,

are a and d; the most lateral sections are ¢ and f. E?ch dot represents a
single neuron. Sagittal sections are numbered serlglly from medial to
lateral; each section is 20 pm thick. Scale bar = 5 mm.

PVN, and AMN (Figs. 4d—f, 6d—f) but tend to predominate
in peripheral parts of these nuclei. As with vasopressin,
lateral hypothalamic oxytocin neurons occasionally appear
to impinge on nearby nuclei, but not in significant numbers.
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Fig. 7. Darkfield photomicrographs of nearby sagittal sections showing the gene expression of
vasopressin (a) and oxytocin (b) in PVN; rostral is to the left, and ventral is down. Scale bar = 740 pm.

Oxytocin mRNA in the SON

Oxytocin mRNA is found in neurons throughout the
SON and can be divided into two subpopulations based on
size and hybridization intensity. One subpopulation con-
sists of typical large, round or ovoid neurons of the SONdI
and, to a lesser extent, the SONvm, most of which are
relatively lightly labeled. A second subpopulation is formed
of intensely oxytocin mRNA-positive neurons along the
medial border of the SONdI (Fig. 2¢,d); scattered, heavily
labeled cells also are found among large cells of the SONdI
proper and in the SONvm. Intensely labeled neurons of the
SONdI are, on average, slightly smaller (26 pm x 18 pm;
n = 57) than more lightly labeled oxytocin cells (35 um x 25
pm; n = 38) of the SON. Although the heavily labeled
subpopulation of SON cells was comparable in all cases
studied, the percentage of lightly reactive neurons within
the SONdI varied among cases. Cells containing oxytocin
mRNA were less numerous than those containing vasopres-
sin mRNA in the SON.

Oxytocin in the PVN

Neurons containing oxytocin mRNA are found through-
out the PVN and are approximately equal in number to
vasopressin neurons. Despite considerable intermingling,
oxytocin and vasopressin cells tend to segregate to some
degree (Fig. 5). On the whole, oxytocin neurons in the PVN
are more widely dispersed than vasopressin cells, as can
best be seen in sagittal sections (Figs. 6d,e, 7). On average,
oxytocin neurons are smaller (28 pm X 19 pm; n = 74) than
vasopressin neurons in the PVN.

Oxytocin in the AMN

As with vasopressin cells, scattered clusters of oxytocin
neurons populate the AMN, and labeled cells frequently
surround blood vessels. Furthermore, oxytocin cells and
vasopressin cells appear to segregate within the AMN
islands (Fig. 8b).

Oxytocin mRNA in the lateral hypothalamus

Oxytocin neurons in the lateral hypothalamus are similar
in morphology and organization to vasopressin neurons,
except that oxytocin neurons are somewhat fewer in num-
ber (Fig. 4f).

DISCUSSION

Using sensitive and specific oligonucleotide probes, we
have examined the distribution of neurons that express
vasopressin and oxytocin in the human hypothalamus. Our
findings largely confirm previous immunocytochemical stud-
ies on the hypothalamic localization of these neuropeptides
in humans and nonhuman primates (Dierickx and Vande-
sande, 77, ’79; Stopa et al., ’84; Swaab et al., ’85; Caffé et
al., '89; Saper, '90). In the magnocellular hypothalamic
complex, which includes SON, PVN, and AMN, numerous
neurons contain vasopressin or oxytocin mRNA, and these
cell types tend to segregate to some degree (Figs 2, 5, 7, 8).
Studies in experimental animals have demonstrated colocal-
ization of vasopressin and oxytocin in hypothalamic neu-
rons as a result of salt-loading or lactation (Kiyama and
Emson, ’90; Mezey and Kiss, '91). Although we were unable
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Fig. 8. Vasopressin (a) and oxytocin (b) neurons in the accessory magnocellular nucleus (case 426).
Accessory magnocellular neurons often surround blood vessels in the area lying between the SON and PVN.
Scale bar = 40 pm.

Fig. 9. a: Small, lightly labeled vasopressin neurons in the suprachiasmatic n_ucleus (case 810).. b:
Schematic, parasagittal diagram of the hypothalamus in case 810 showing the location of the suprachias-
matic nucleus (SCN). Scale bars = 25 ymin a, 5 mm in b.
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Fig. 10. Lateral hypothalamic neuron containing vasopressin transcripts. Scale bar = 25 pm.

Fig. 11.
neurons containing vasopressin transcripts were very rare in the
nucleus basalis and in the nucleus of the diagonal band of Broca. Scale
bar = 35 pm.

Vasopressin mRNA-positive neuron (arrow) in the NBM;

to address the issue of whether oxytocin and vasopressin
genes are expressed within the same cells, the inclination of
oxytocin and vasopressin neurons to segregate within mag-
nocellular nuclei, and to differ in size, suggests that the
peptides may not colocalize to a large extent in humans.

It is also important to determine whether oxytocin and
vasopressin colocalize with other neuroactive substances in
the human hypothalamic magnocellular nuclei. In rodents,
Immunocytochemical studies have yielded evidence that
vasopressin-containing neurons can express tyrosine hy-
droxylase, galanin, dynorphin, leucine enkephalin, or pep-
tide histidine isoleucine, whereas oxytocin-containing

neurons also can express cholecystokinin or corticotropin-
releasing factor (Brownstein and Mezey, '86; Meister et al.,
’90). Recently, with the development of nonradioactive in
situ hybridization histochemical methods, it has become
possible to study the coexpression of mRNAs using digoxi-
genin- and [5S]-labeled probes (Young and Hsu, "91). This
approach could be used to confirm whether transcripts that
encode different peptides colocalize within individual neu-
rons of the human brain.

The magnocellular vasopressin- and oxytocin-containing
nucleus shows marked sexual dimorphism in pigs (van
Eerdenburg and Swaab, '91). Furthermore, the expression
of oxytocin mRNA in SON and anterior commissural
nucleus is increased by estrogen treatment in ovariecto-
mized rats (Chung et al., ’91). We could not address the
issue of sex differences in our subjects, who were all males,
but the influence of gender on the expression of hypotha-
lamic peptides in humans remains an important issue for
future research.

With some exceptions, notably the SON and PVN, most
cell groups of the adult human hypothalamus are rather
poorly delineated in Nissl-stained sections (Saper, ’90). One
nucleus that is not clearly defined is the SCN, a structure
important in regulating biological rhythms (Moore, ’91).
Vasopressin cells have been reported in the human SCN by
means of immunocytochemistry (Dierickx and Vandesande,
77, Stopa et al., '84; Swaab et al., '85) and in situ
hybridization (Rivkees et al., ’88). We observed vasopressin
gene expression in neurons of the SCN only in two cases.
The cells were small and lightly labeled (Fig. 9), and they
were clearly distinguishable from the large, heavily labeled
cells of the rostroventral PVN. The inconsistency of gene
expression in the SCN of our cases remains mysterious, but
one potential explanation is the circadian rhythmicity of
the SCN, which has been well documented in experimental
animals (Carter and Murphy, ’89, '91). SCN neurons
display significant circadian variation in the expression of
vasopressin transcripts (Uhl and Reppert, '86); vasopressin
peptide levels in cerebrospinal fluid also show a rhythmic,
daily pattern in cats (Reppert et al., ’81). Although there
was no systematic relationship between time of death and
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the presence of vasopressin labeling in the five cases that we
studied, the possibility that premortem stimuli may influ-
ence the expression and/or degradation of mRNA in the
SCN deserves further study.

We observed diffuse populations of vasopressin and oxyto-
cin mRNA-producing neurons in the lateral hypothalamus
(Fig. 4c¢,f) that have not been described elsewhere. Because
these scattered cells appear to disregard conventional ana-
tomical boundaries, their nuclear affiliations are uncertain.
The function and connectivity of these cells also remain to
be determined.

Extrahypothalamic vasopressin-immunoreactive neu-
rons have been reported in the BNST (Fliers et al., ’86) and
in some parts of the NBM complex (Ulfig et al., ’90) in
humans, and also in monkeys (Caffé et al., '89). Only a few
positive neurons of the dorsal-most part of the lateral
hypothalamus extended into the caudal BNST in our
material; furthermore, the overwhelming majority of cells
in the NBM complex are devoid of vasopressin transeripts.
Thus, although only portions of these structures were
present in our sections, we were unable to confirm the
existence of significant subpopulations of vasopressin neu-
rons in either the NBM complex or the BNST of humans.

In summary, our hybridization histochemical data supple-
ment previous immunocytochemical data on the distribution
of oxytocin and vasopressin in the human hypothalamus.
The results suggest that this sensitive and specific method
is a useful means of revealing the neurochemical identities
of neurons. In ongoing studies, we are analyzing the neuro-
anatomy of gene expression for other neuroactive substances
in the hypothalamus to establish the comparability of these
systems in humans and other mammals. This information
is essential to our eventual understanding of how the
human hypothalamus carries out its myriad functions.

ACKNOWLEDGMENTS

The authors gratefully acknowledge useful discussions
with Drs. Miklos Palkovits and Clifford B. Saper as well as
the expert technical assistance of Ms. Emily Shepard. This
work was supported by grants from the U.S. Public Health
Service (NS AG 05146, NS 20471, NS 07179, AG 09214) as
well as the Metropolitan Life Foundation. Dr. Price is the
recipient of a Leadership and Excellence in Alzheimer’s
Disease (LEAD) award (AG 07914) and a Javits Neurosci-
ence Investigator Award (NS 10580).

LITERATURE CITED

Antoni, F.A, K.J. Kovics, J. Dohanits, G.B. Makara, M.C. Holmes, and M.F.
Mazurek (1988) Hypophysiotrophic function of vasopressin and oxyto-
cin. Brain Res. Bull. 20:729-736.

Beckwith, B.E., T. Petros, S. Kanaan-Beckwith, D.I. Couk, and R.J. Haug
(1982) Vasopressin analog (DDAVP) facilitates concept learning in
human males. Peptides 3:627-630.

Berecek, HK., and B.H. Swords (1990) Central role for vasopressin in
cardiovascular regulation and the pathogenesis of hypertension. Hyper-
tension 16:213-224.

Bohus, B., G.L. Kovdcs, and D. De Wied (1978) Oxytocin, vasopressin and
memory: Opposite effects on consolidation and retrieval processes. Brain
Res. 157:414-417.

Braak, H., and E. Braak (1987) The hypothalamus of the human adult:
Chiasmatic region. Anat. Embryol. 175:315-330.

Brownstein, M.J., and E. Mezey (1986) Multiple chemical messengers in
hypothalamic magnocellular neurons. Prog. Brain Res. 68:161-180.
Brownstein, M.J., J.T. Russell, and H. Gainer (1980) Synthesis, transport,

and release of posterior pituitary hormones. Science 207:373-378.

Caffé, A.R., Van Ryen, P.C., T.P. Vand Der Woude, and F.W. Van Leeuwen
(1989) Vasopressin and oxytocin systems in the brain and upper spinal
cord of Macaca fascicularis. J. Comp. Neurol. 287:302-325.

Carter, D.A., and D. Murphy (1989) Diurnal rhythm of vasopressin mRNA
species in the rat suprachiasmatic nucleus: Independence of neur'oendo-
crine modulation and maintenance in explant culture. Mol. Brain Res.
6:233-239.

Carter, D.A., and D. Murphy (1991) Nuclear mechanisms mediate rhythmic
changes in vasopressin mRNA expression in the rat suprachiasmatic
nucleus. Mol. Brain Res. 12:315-321.

Chung, SK., J.T. McCabe, and D.W. Pfaff (1991) Estrogen influences on
oxytocin mRNA expression in preoptic and anterior hypothalamic re-
gions studied by in situ hybridization. J. Comp. Neurol. 307:281-295.

Dierickx, K., and F. Vandesande (1977) Immunocytochemical localization of
the vasopressinergic and the oxytocinergic neurons in the human
hypothalamus. Cell Tissue Res. 184:15-27.

Dierickx, K., and F. Vandesande (1979) Immunocytochemical demonstra-
tion of separate vasopressin-neurophysin and oxytocin-neurophysin
neurons in the human hypothalamus. Cell Tissue Res. 196:203-212.

Ferrier, B.M., D.J. Kennett, and M.C. Devlin (1980) Influence of oxytocin on
human memory processes. Life Sci. 27:2311--2317.

Fliers, E., S.E.F. Guldenaar, N.v.d. Wal, and D.F, Swaab (1986) Extrahypo-
thalamic vasopressin and oxytocin in the human brain; presence of
vasopressin cells in the bed nucleus of the stria terminalis. Brain Res.
375:363-367.

Fliers, E., D.F. Swaab, Chr. W. Pool, and R.W.H. Verwer (1985) The
vasopressin and oxytocin neurons in the human supraoptic and paraven-
tricular nucleus; changes with aging and senile dementia. Brain Res.
342:45-53.

Gai, W.P., L.B. Geffen, and W.W. Blessing (1990) Galanin immunoreactive
neurons in the human hypothalamus: Colocalization with vasopressin-
containing neurons. J. Comp. Neurol. 298:265-:280.

Kawata, M., J.T. McCabe, and D.W. Pfaff (1988) In Situ hybridization
histochemistry with oxytocin synthetic oligonuclectide: Strategy for
making the probe and its application. Brain Res. Bull. 20:693-697.

Kennett, D.J., M.C. Devlin, and B.M. Ferrier (1982) Influence of oxytocin on
human memory processes: validation by a control study. Life Sci.
31:273-275. ' .

Kiyama, H., and P.C. Emson (1990) Evidence for the co-expression of
oxytocin and vasopressin messenger ribonucleic acids in magnocellular
neurosecretory cells: Simultaneous demonstration of two neurchypophy-
sin messenger ribonucleic acids by hybridization histochemistry. J.
Neuroendocrinol. 2:257-259.

Le Gros Clark, W.E. (1936) The topography and homologies of the hypotha-
lamic nuclei in man. J. Anat. 70:203-214.

Le Gros Clark, W.E., J. Beattie, G. Riddoch, and N.M. Dott (1938) The
Hypothalamus. Morphological, Functional, Clinical and Surgical As-
pects. London: Oliver and Boyd.

Meister, B., M.J. Villar, S. Ceccatelli, and T. Hokfelt (1990) Localization of
chemical messengers in magnocellular neurons of the hypothalamic
supraoptic and paraventricular nuclei: An immunchistochemical study
using experimental manipulations. Neuroscience 37:603-633.

Mengod, G., E. Goudsmit, A. Probst, and J.M. Palacios (1992) In situ
hybridization histochemistry in the human hypothalamus. Prog. Brain
Res. 93:45-55.

Mezey, E., and J.Z. Kiss (1991) Coexpression of vasopressin and oxytocin in
hypothalamic supraoptic neurons of lactating rats. Endocrinology 12:
1814-1820.

Mohr, E., M. Hillers, R. Ivell, I.D. Haulica, and D. Richter (1985) Expression
of the vasopressin and oxytocin genes in human hypothalami. FEBS
Lett. 193:12-16.

Moore, R.Y. (1991) Disorders of circadian function and the human circadian
timing system. In D.C. Klein, R.Y. Moore and S.M. Reppert (eds):
Suprachiasmatic Nucleus: The Mind’s Clock. New York: Oxford Univer-
sity Press, pp. 429-441.

Murphy, M.R., J.R. Seckl, S. Burton, S.A. Checkley, and S.L. Lightman
(1987) Changes in oxytocin and vasopressin secretion during sexual
activity in men. J. Clin. Endocrinol Metab. 65:738.

Nauta, W.J.H., and W. Haymaker (1969) Hypothalamic nuclei and fiber
connections. In W. Haymaker, E. Anderson, and W.J . H. Nauta (eds): The
Hypothalamus. Springfield: C.C. Thomas, pp. 136-209.

Rance, N.E., and W.S. Young, III (1991) Hypertrophy and increased gene
expression of neurons containing neurokinin-f and substance-P messen-
ger ribonucleic acids in the hypothalami of post menopausal women.
Endocrinology 128:2239-2247.

Reppert, SM., H.G. Artman, 8. Swaminathan, and D.A. Fisher (1981)




306

Vasopressin exhibits a rhythmic daily pattern in cerebrospinal fluid but
not in blood. Science 213:1256-1257.

Rivkees, S.A., M.R. Chaar, D.F. Hanley, M. Maxwell, S.M. Reppert, and G.R.
Uhl (1989) Localization and regulation of vasopressin mRNA in human
neurons. Synapse 3:246-254.

Samson, W,K., and R.J. Mogg (1990) Oxytocin as part of stress responses.
Curr. Top. Neuroendocrinol. 10:33-60.

Saper, C.B. (1990) Hypothalamus. In G. Paxinos (ed): The Human Nervous
System. Sydney: Academic Press, pp. 389-412.

Saper, C.B., and D.C. German (1987) Hypothalamic pathology in Alzheimer’s
disease. Neurosci. Lett. 74:364-3170.

Sausville, E., D. Carney, and J. Battey (1985) The human vasopressin gene is
linked to the oxytocin gene and is selectively expressed in a cultured lung
cancer cell line. J. Biol. Chem. 260:10236-10241.

Stopa, E.G., J.C. King, R. Lydic, and W.C. Schoene (1984) Human brain
contains vasopressin and vasoactive intestinal polypeptide neuronal
subpopulations in the suprachiasmatic region. Brain Res. 297:159-163.

Swaab, D.F., E. Fliers, and T.S. Partiman (1985) The suprachiasmatic
nucleus of the human brain in relation to sex, age and senile dementia.
Brain Res. 342:37-44.

Uhl, G.R., S.M. Reppert (1986) Suprachiasmatic nucleus vasopressin messen-
ger RNA: Circadian variation in normal and Brattleboro rats. Science
232:390-393.

Ulfig, N., E. Braak, T.G. Ohm, and C.W. Pool (1990) Vasopressinergic

R.R. SUKHOV ET AL.

neurons in the magnocellular nuclei of the human basal forebrain. Brain
Res. 530:176-180.

van Eerdenburg, F.J.C.M. and D.F. Swaab (1991) Increasing neuron
numbers in the vasopressin and oxytocin containing nucleus of the adult
female pig hypothalamus. Neurosci. Lett. 132:85-88.

Vogels, 0.J.M., Broere, C.A.J., and Nieuwenhuys, R. (1990) Neuronal
hypertrophy in the human supraoptic and paraventricular nucleus in
aging and Alzheimer’s disease. Neurosci. Lett. 109:62-67.

Walker, L.C., C. Masters, K. Beyreuther, and D.L. Price (1990) Amyloid in
the brains of aged squirrel monkeys. Acta Neuropathol. 80:381-387.
Walker, L.C., N.E. Rance, D.L. Price, and W.S. Young, III (1991) Galanin
mRNA in the nucleus basalis of Meynert complex of baboons and

humans. J. Comp. Neurol. 303:113-120.

Young, W.S., III (1989) In situ hybridization histochemical detection of
neuropeptide mRNA using DNA and RNA probes. Meth. Enzymol.
168:702-710.

Young, W.S., III (1990) In situ hybridization histochemistry. In A. Bjork-
lund, T. Hokfelt, F.G. Wooterlood and A. Van der Pol (eds): Neuronal
Microcircuits, Handbook of Chemical Neuroanatomy 8:481-512.

Young, W.S. III (1992) Expression of the oxytocin and vasopressin genes. J.
Neuroendocrinol. 4:527-540.

Young, W.S. III, and A.C. Hsu (1991) Observations on the simultaneous use
of digoxigenin- and radiolabeled oligodeoxyribonucleotide probes for
hybridization histochemistry. Neuropeptides 18:75.




